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Introduction 

In recent years, a good deal of attention has been focused 
on the thermal conversion of biomass to gases and liquids, and in 
particular, on the products obtainable from short time, high 
temperature pyrolysis of wood and other lignocellulosics. This 
flash pyrolysis is usually carried out at or near atmospheric 
pressures, while hydropyrolysis commonly employs hydrogen pres- 
sures to 20 UPa. 

Residence times of only a few seconds or less with reaction 
at high temperatures requires a reactor configuration capable of 
very high heating rates. Two of the most appropriate designs are 
the entrained flow reactor, and the fluidized bed reactor. Many 
flash pyrolysis studies have employed one or the other of these 
reactor types. 

In general, two approaches to flash pyrolysis of biomass 
have been used by various workers. One approach has the objec- 
tive of producing a maximum yield of a desirable gas, which in 
atmospheric pressure non-catalytic pyrolysis processes is usually 
ethylene, or other olefins. Examples of processes for this 
purpose, such as "ultrapyrolysis" (10) (17), "ablative pyrolysis" 
(7). the flash pyrolysis process described by Anta1 ( 2 )  and the 
fluidized bed process of Kuester (14) have been studied in recent 
years for the production of olefins. These processes are charac- 
terized by high temperatures >(650"C) and residence times of 1 
second or less. 

A second approach to flash pyrolysis has been described by 
Scott and Piskorz (19)(20) and Scott et al. (21). In these 
publications the development has been outlined of an atmospheric 
pressure flash pyrolysis process utilizing a fluidized bed of 
solid as heat carrier. The process studied has as a primary 
objective the determination of conditions for maximum yield of 
liquids from biomass, particularly forest materials. Results 
indicated that at apparent vapor residence times of about 0.5 
seconds, organic liquid yields of 60%-70% on a moisture free 
basis could be obtained from hardwoods such as aspen-poplar and 
maple. Lower but still high yields of organic liquids (40%-60%) 
could be obtained from agricultural wastes such as wheat straw, 
corn stover and bagasse. 
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\!or? r e c e n t l y ,  K n i g h t  et a:. (11) h a v e  d e s c r i b e d  t h r  O ~ P -  

r a t i o n  of a n  e n t r a i n e d  flow rear tor  for  t h e  p r o d u c t i o n  of l i q -  
u i d s .  A somewti- t  d i f f e r e n t  u p f l o u i  e n t r a i n e d  p y r o l y z e r  for  t h e  
p r o d u c t i o n  of l i q u i d s  f r o m  wood h a s  b e e n  d e s c r i b e d  b y  
B e a u m o n t  ( 5 ) .  K o s s t r i n  ( 1 2 )  h a s  a l s o  u s e d  a f l u i d i z e d  h e d  f o r  
t h e r m a l  c o n v e r s i o n  uf  b i o m a s s  t u  l i q u i d .  I n  g e n e r a l ,  p r o c e s s e s  
f o r  the a t t a i n m e n t  of h i g h  l i y u i d  y i e l d s  o p e r a t e  a t  much lower 
t e m p e r a t u r e s ,  commonly 4SOo-5500C t h a u  d o  p r o c e s s e s  t u  yield 
g a s e o u s  p r o d u c t s ,  b u t  a t  a b o u t  t h e  same v a p o r  r e s i d e n c e  times o f  
a b o u t  500 m s .  

I n  r a p i d  p y r o l y s i s  p r o c e s s e s ,  t h e  r a t e  o f  h e a t  t r a n s f e r  i s  
a l l - i m p o r t a n t .  I d e a l l y ,  i n  s u c h  a p r o c e s s ,  t h e  time r e q u i r e d  f 0 . r  
a b i o m a s s  p a r t i c l e  t o  r e a c h  a b o u t  95% o f  t h e  r e a c t i o n  t e m p e r a t u r e  
w o u l d  be much less t h a n  t h e  p a r t i c l e  r e s i d e n c e  t i m e  i t s e l f .  T h e  
r e s i d e n c e  times n o r m a l l y  q u o t e d  i n  t h e r m a l  p y r o l y s i s  s t u d i e s  tire 
u s u a l l y  mean g a s  r e s i d e n c e  t i m e s ,  t h a t  i s ,  t h e  n e t  e m p t y  r eac to r  
v o l u m e  d i v i d e d  b y  t h e  v o l u m e t r i c  f l o w  r a t e ,  u s u a l l y  t a k e n  a t  
r eac to r  i n l e t  c o n d i t i o n s .  P a r t i c l e  r e s i d e n c e  times are n o t  a s  
p r e c i s e l y  k n o w n ,  a n d  w i l l  v a r y  w i t h  t h e  r eac to r  c o n f i g u r a t i o n  a n d  
t y p e .  M e a s u r e m e n t  o f  mean p a r t i c l e  r e s i d e n c e  times h a s  n o t  b e e n  
d o n e  i n  t h e  m a j o r i t y  o f  f a s t  p y r o l y s i s  p r o c e s s  s t u d i e s .  H o w e v e r ,  
B e r r u t i  ( 6 )  m e a s u r e d  t h e s e  r e s i d e n c e  times i n  a f l u i d i z e d  s a n d  
b e d  f o r  1 mm wood p a r t i c l e s ,  a n d  f o u n d  t h a t  t h e s e  v a r i e d  f r o m  
2 t o  6 s d e p e n d i n g  o n  t h e  g a s  r e s i d e n c e  t i m e  (400  t o  800 m s ) .  
R e c e n t l y ,  S o l o m o n  e t  a l .  ( 2 2 )  r e p o r t e d  m e a s u r e m e n t s  o f  t h e  v e l o -  
c i t y  o f  f i n e  c o a l  p a r t i c l e s  i n  a downward  f l o w  e n t r a i n e d  reactor  
a n d  f o u n d  t h e s e  were o n l y  a b o u t  40% o f  t h e  gas v e l o c i t y  o v e r  most 
o f  t h e  r e a c t i o n  p e r i o d .  T h e r e f o r e ,  a l t h o u g h  t h e  r e s i d e n c e  t i m e  
o f  p a r t i c l e s  is g e n e r a l l y  n o t  known v e r y  p r e c i s e l y  i n  f a s t  p y r o l -  
y s i s  p r o c e s s e s ,  i t  w i l l  l i k e l y  b e  f r o m  2 t o  10 times t h e  a p p a r e n t  
g a s  r e s i d e n c e  t ime f o r  most o f  t h e  a p p l i c a b l e  r e a c t o r s ,  t h a t  i s ,  
f o r  e n t r a i n e d  f l o w ,  f l u i d  b e d ,  s p o u t e d  b e d  or c y c l o n i c  reac tors .  
I t  is  l i k e l y ,  t h e r e f o r e ,  t h a t  g i v e n  a reactor  c a p a b l e  o f  h i g h  
h e a t  f i u x ,  a n d  p a r t i c l e s  o f  a p p r o p r i a t e  s i z e  w i t h  t h e  " n o r m a l "  
g a s  r e s i d e n c e  t i m e  o f  a b o u t  500 m s ,  t h e  h e a t - u p  t i m e  may n o t  b e  a 
l a r g e  f r a c t i o n  o f  t h e  t o t a l  p a r t i c l e  r e s i d e n c e  t i m e .  

I t  is l i k e l y  t h a t  e a c h  p r o c e s s  w i l l  h a v e  i t s  l i m i t s  s u c h  
t h a t  i n a d e q u a t e  h e a t  t r a n s f e r  c a u s e s  m a r k e d  c h a n g e s  i n  t h e  d i s -  
t r i b u t i o n  o f  t h e  p y r o l y s i s  p r o d u c t s .  H o w e v e r ,  w i t h i n  t h e s e  
. l i m i t s  ( w h i c h  may n o t  d i f f e r  v e r y  much f o r  d i f f e r e n t  r e a c t o r s  
c a p a b l e  o f  h i g h  h e a t  t r a n s f e r  r a t e s ) ,  t h e  p r o d u c t  d i s t r i b u t i o n  a t  
a g i v e n  g a s  r e s i d e n c e  t i m e  m i g h t  b e  e x p e c t e d  t o  be a f u n c t i o n  o f  
t h e  f i n a l  r e a c t i o n  t e m p e r a t u r e  o n l y ,  e s p e c i a l l y  i f  p a r t i c l e s  are 
smaller t h a n  a b o u t  1 mm a n d  are r e a s o n a b l y  d r y .  T h e  p r i n c i p a l  
c r i t e r i o n  f o r  t h i s  t o  be t r u e  i s  t h a t  t h e  h e a t - u p  t i m e  f o r  t h e  
pa r t i c l e  s h o u l d  be c o n s i d e r a b l y  less t h a n  t h e  t i m e  s p e n t  n e a r  
r e a c t i o n  t e m p e r a t u r e ,  p o s s i b l y  o n l y  20% of  t h e  t o t a l  p a r t i c l e  
r e a c t i o n  t ime. As a r e s u l t ,  t h e  k i n e t i c  r a te  o f  r e a c t i o n  w i l l  
p r o b a b l y  be t h e  r a t e  l i m i t i n g  p rocess .  An e q u i v a l e n t  c r i t e r i o n  
d u e  t o  L i d g n  (16)  w o u l d  b e  t o  r e q u i r e  t h a t  a p a r t i c l e  r e a c h  
d e c o m p o s i t i o n  t e m p e r a t u r e  e . g .  450'C b e f o r e  a n y  s i g n i f i c a n t  
w e i g h t  l o s s  i s  o b s e r v e d .  
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E x p e r i m e n t a l  

For t h i s  w o r k ,  t w o  c o m p l e t e l y  d i f f e r e n t  p y r o l y s i s  r e a c t o r s  
were u s e d ,  o p e r a t e d  by t w o  d i f l e r e n t  r e s e a r c h  g r o u p s .  The 
" u l t r a p y r o l y s i s "  e n t r a i n e d  f l o w  r e a c t o r  was d e v e l o p e d  hy w o r k e r s  
a t  t h e  U n i v e r s i t y  of Western O n t a r i o .  a n d  was r a p a b l p  o f  o p e r a -  
t i o n  to 1 0 0 0 ° C  w i t h  g a s  r e s i d e n c e  times of 50 m s  t o  900 m s  ( 1 0 ) .  
T h e  s e c o n d  r e a c t o r  was t h e  f l u i d i z e d  bed p y r o l y s i s  u n i t  dG!vclop,ed 
a t  t h e  U n i v e r s i t y  o f  W a t e r l o o  f o r  t h e r m a l  c o n v e r s i o n  of b i o m a s s  
t o  l i q u i d s  ( 2 0 ) .  I t  o p e r a t e d  u p  t o  7 5 0 ° C  w i t h  g a s  r e s i d e n c e  
times of 300 t o  1500 m s .  T y p i c a l  o p e r a t i n g  r a n g e s  f o r  t h e  two 
r e a c t o r s  a re  s u m m a r i z e d  i n  T a b l e  1. D e t a i l e d  d e s c r i p t i o n s  o f  t h e  
r e s p e c t i v e  a p p a r a t u s  a n d  p r o c e d u r e s  a re  g i v e n  i n  t h e  two a r t i c l e s  
c i t e d .  

T a b l e  I R a n g e  of E x p e r i m e n t a l  P a r a m e t e r s  

J 

i 

U l t r a p y r o l y s i s  F l u i d  Bed 

T e m p e r a t u r e ,  " C  7 0 0 - 1 0 0 0  4 0 0 - 7 5 0  

Reactor R e s i d e n c e  Time ( G a s ) ,  m s  50-900 300- 1500 

Maximum F e e d  Rate,  k g / h r  1 .o 3 - 0  

E s t i m a t e d  H e a t i n g  Rates ,  " C / s  IO' - i o 5  104-105  

P r e s s u r e .  a t m  abs.  1 .o 1 .o 

R e a c t i o n  A t m o s p h e r e  N2 N, or 
P r o d u c t  Gas 

I n  a l l  tes ts  r e p o r t e d  h e r e ,  o n l y  o n e  f e e d  ma te r i a l  w a s  u s e d ,  
A v i c e l  PH-102 m i c r o c r y s t a l l i n e  c e l l u l o s e .  B o t h  g r o u p s  o f  e x p e r i -  
menters u s e d  s a m p l e s  f r o m  t h e  same l o t ,  w h i c h  a t  t i m e  of u s e  h a d  
m o i s t u r e  c o n t e n t  f r o m  2 . 9 - 4 . 0 1 ,  w i t h  a s h  <0.1%, a n d  C 1 4 . 2 4 .  H 
6 .16 ,  0 4 9 . 6 .  P a r t i c l e  s i z e  r a n g e  was - 2 5 0  + 4 0  urn w i t h  a mean 
p a r t i c l e  d i a m e t e r  o f  100 u m .  

R e s u l t s  

T h e  p y r o l y s i s  e x p e r i m e n t s  i n  t h e  f l u i d  b e d  were a l l  c a r r i e d  
o u t  a t  g a s  r e s i d e n c e  t imes of 4 5 0 - 5 5 0  m s .  I n  t h i s  r a n g e ,  y i e l d s  
of l i q u i d ,  g a s  a n d  c h a r  show o n l y  a small v a r i a t i o n  w i t h  t ime.  
P y r o l y s i s  i n  t h e  t r a n s p o r t  r e a c t o r  o v e r  t h e  r e a c t i o n  t i m e  s p a n  of 
350-900 m s ,  showed t h a t  t h e  y i e l d s  o f  l i q u i d ,  c h a r  a n d  g a s  b e c a m e  
n e a r l y  i n d e p e n d e n t  o f  r e s i d e n c e  t i m e  i n  t h e  reactor .  A c c o r d i n g -  
l y ,  y i e l d s  f r o m  t h e  t r a n s p o r t  r eac to r  i n  t h i s  a s y m p t o t i c  range a t  
500 m s  were c o m p a r e d  t o  d a t a  f r o m  t h e  f l u i d i z e d  b e d  p y r o l y z e r .  
A l l  d a t a  were r e p o r t e d  as p e r c e n t  by w e i g h t  o f  t h e  m o i s t u r e  f r e e  
f e e d  o f  t o t a l  l i q u i d s  ( i n c l u d i n g  water o f  r e a c t i o n ) ,  g a s  a n d  
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c h a r .  Y i e l d s  were n o r m a l i z e d  t i . )  100% by c o r r e c t i n g  t h e  l i q u i d  
y i e l d .  I n  a l l  e x p e r i m e n t s ,  m a t e r i a l  b a l a n c e s  w e r e  g e n e r a l l y  +5% 
o r  b e t t e r ,  a n d  t h p  m a ~ o r  errors were r o n s i d e r e d  t o  r e s i d e  i n  
losses o f  t h t  m o s t  v o l a t i l e  l i q u i d s  d u r i n g  l i q u i d  r e c o v e r y .  a n d  
i n a c c u r a c i e s  i n  t h e  water b a l a n c e .  A l s o ,  m e t h a n o l  was n o r m a l l y  
u s e d  as t h e  s o l v e n t  f o r  r e c o v e r y  of t a r s  f r o m  l i n e s  a n d  c o n d e n -  
s e r s ,  w h i c h  m e a n s  t h a t  m e t h a n o l  y i e l d s  c o u l d  n o t  b e  d e t e r m i n e d .  

The r e s u l t s  o f  p y r o l y s i s  e x p e r i m e n t s  w i t h  A v i c e l  c e l l u l o s e  
a r e  shown i n  F i g u r e s  1-4 w i t h  a l l  d a t a  p r e s e n t e d  on  a d r y  f e e d  
b a s i s .  F i g u r e  1 s h o w s  t h a t  o v e r  t h e  t e m p e r a t u r e  r a n g e  o f  450'C- 
9 0 0 ° C  t h e  y i e l d s  o f  g a s ,  c h a r  a n d  l i q u i d s  f r o m  two d i f f e r e n t  
r e a c t o r s ,  o p e r a t e d  b y  two d i f f e r e n t  r e s e a r c h  g r o u p s ,  are  i n  v e r y  
c l o s e  a g r e e m e n t .  F i g u r e s  2 a n d  3 show t h e  v a r i a t i o n  i n  CO a n d  
CO, y i e l d s  w i t h  t e m p e r a t u r e  o v e r  t h e  same r a n g e .  A g a i n ,  a g r e e -  
m e n t  of  t h e  two sets o f  r e s u l t s  is v e r y  g o o d .  Y i e l d s  of h y d r o -  
c a r b o n  g a s e s  are shown i n  F i g u r e  4, a n d  t h e  g o o d  a g r e e m e n t  of 
d a t a  f r o m  t h e  t w o  reac tors  is a g a i n  e v i d e n t  f o r  b o t h  CHL y i e l d  
a n d  C,H, + C,H, y i e l d .  

L i q u i d  p r o d u c t s  f r o m  t h e  p y r o l y s i s  tests were o b t a i n e d  o v e r  
a t e m p e r a t u r e  r a n g e  o f  375°-700"C. T h e s e  l i q u i d s  were a n a l y z e d  
f o r  s p e c i f i c  c h e m i c a l  c o m p o n e n t s  u s i n g  m e t h o d s  d e s c r i b e d  clse- 
w h e r e  (18). R e s u l t s  f o r  n i n e  o f  t h e  more s i g n i f i c a n t  c o m p o n e n t s  
o b t a i n e d  i n  a water e x t r a c t  o f  t h e  t a r s  are  shown i n  F i g u r e s  5-8. 
A l l  of t h e s e  r e s u l t s  were o b t a i n e d  u s i n g  t h e  f l u i d  b e d  p y r o l y s i s  
s y s t e m  of t h e  U n i v e r s i t y  of Waterloo. I t  is  a p p a r e n t  t h a t  a t  a 
c o n s t a n t  r e a c t i o n  t i m e ,  w e l l  d e f i n e d  a n d  f a i r l y  n a r r o w  opt imal  
t e m p e r a t u r e  r a n g e s  e x i s t  c o r r e s p o n d i n g  t o  t h e  maximum y i e l d s  f o r  
e a c h  c o m p o n e n t .  

D i s c u s s i o n  

I n  o r d e r  t o  d e t e r m i n e  i f  t h e  c r i t e r i o n  o f  t h e  r a t i o  o f  h e a t -  
up time t o  rime a t  r e a c t i o n  t e m p e r a t u r e  is ~1.0, i t  is  n e c e s s a r y  
t o  estimate h e a t  t r a n s f e r  rates i n  t h e  reactors  a n d  f o r  t h e  
p a r t i c l e s  u s e d .  I f  t h e  i d e a s  of K o t h a r i  a n d  A n t a 1  (13)  a r e  
a c c e p t e d ,  t h e  time r e q u i r e d  f o r  t h e  c e n t r e  o f  a p a r t i c l e  t o  
a p p r o a c h  500°C w o u l d  r e p r e s e n t  t h e  h e a t - u p  t i m e .  L e d e  ( 1 5 )  comes 
t o  s imilar  c o n c l u s i o n s  f o r  p y r o l y s i s  a t  h i g h  h e a t  f l u x e s ,  b u t  
sets t h e  d e c o m p o s i t i o n  t e m p e r a t u r e  a t  466OC fo r  wood.  T h e  most 
e x t r e m e  c a s e ,  t h a t  i s ,  t h e  l o n g e s t  h e a t - u p  t i m e  i n  t h e  p r e s e n t  
work,  w o u l d  b e  f o r  t h e  l a r g e s t  p a r t i c l e s  a t  t h e  lowest reactor 
t e m p e r a t u r e s .  T h e  c e n t e r  p o i n t  t e m p e r a t u r e  was c a l c u l a t e d  f o r  
600 a n d  100 U m  p a r t i c l e s  f o r  t h e  h e a t i n g  c o n d i t i o n s  o f  a 
f l u i d i z e d  b e d  (16), f o r  a r e a c t o r  t e m p e r a t u r e  o f  500'C w i t h  f e e d  
a t  20'C. T h e  time r e q u i r e d  f o r  t h e  p a r t i c l e  m i d - p o i n t  
t e m p e r a t u r e  t o  r e a c h  45OoC was f o u n d  t o  b e  618 m s  for t h e  600 U m  
p a r t i c l e  a n d  62 m s  f o r  t h e  100 Urn  p a r t i c l e .  I n a s m u c h  a s  t h e  
s o l i d  p a r t i c l e  r e s i d e n c e  times f o r  t h e  l a r g e r  p a r t i c l e s  were f r o m  
2 t o  6 s e c o n d s  i n  t h e  f l u i d i z e d  b e d ,  a n d  for smaller  p a r t i c l e s  i n  
t h e  t r a n s p o r t  r eac to r  were a t  l eas t  500 m s ,  t h e  c r i t e r i o n  of 
r a t i o  of h e a t - u p  t i m e / a v a i l a b l e  r e a c t i o n  time <<l  i s  w e l l  s a t i s -  
f i e d  f o r  a l l  t h e  work r e p o r t e d  h e r e .  
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A n o t h e r  a p p r o a c h  w a 5  t a k e n  by LidtSn (16) t o  e s t i m a t e  the. 
i m p o r t a n c e  of t h e  h e a t - u p  p e r i o d .  On t h e  basis of l o w  t e m p e r a -  
t u r e  p y r o l y s i s  r e s u l t s  r e p o r t e d  i n  t h c  l i t c i r a t u r e .  a n d  t h c  re- 
s u l t s  o b t a i n e d  i n  o u r  l a b o r a t o r y ,  i t  w a s  a s s u m e d  t h a t  i i  t h e  
p a r t i r l r  t e m p e r a t u r e  r e a c h e d  at l e a s t  -150°C b e f o r e  more t h a n  10% 
O f  t h c .  wood d e c o m p o s e d  ( a s  m e a s u r e d  by  a r a t v - o f - w e i g h t  loss 
k i n c t i c  e x p r r b s s i o n )  t h e n  excessive rliar p r o d u c t i o n  u-oulcl bt. 
u v o i a e d ,  a n d  t h e  c o n d i t i o n  f o r  h i g h  t a r  y i e l d s  w o u l d  b e  m e t ,  
s i n c e  t a r  d e c o m p o s i t i o n  w o u l d  b e  m i n i m i z e d  by t h e  r a p i d  v o l a t i l i -  
z a t i o n  a n d  r e m o v a l  of t a r  c o m p o n e n t s .  Assuming  P f i r s t  order  
w e i g h t  loss  e x p r e s s i o n ,  t h i s  h e a t - u p  t i m e  c r i t e r i o n  c a n  hr ex- 
p r e s s e d  a s  

(1) 

w h e r e  t ,  i s  t h e  t i m e  r e q u i r e d  f o r  t h e  p u r t i c l e  c e n t r e  t o  r e a c h  
450°C arid T ( t )  a re  t h e  s e t  o f  f u n c t i o n s  d e s c r i b i n g  t h e  p a r t i c l e  
c en t r e  t e m p e r a t u r e  a s  a f u n c t i o n  of time a f t e r  i n t r o d u c t i o n  of 
f e e d  i n t o  t h e  r eac to r .  T h e  v a l u e  of t h e  f i r s t  o r d e r  r a te  c o n -  
s t a n t ,  k ,  u s e d  s h o u l d  b e  o n e  w h i c h  i s  a p p l i c a b l e  f o r  t h e  r a t e  of 
w e i g h t  l o s s  of t h e  b i o m a s s  s p e c i e s  u s e d .  For  t h e  p u r p o s e s  o f  
e v a l u a t i n g  t h e  a b o v e  c r i t e r i o n ,  t h e  k i n e t i c  p a r a m e t e r s  f o r  t h e  
r a t e  e x p r e s s i o n  d e s c r i b i n g  t h e  t o t a l  d e c o m p o s i t i o n  of wood as  
g i v e n  by T h u r n e r  a n d  Mann ( 2 3 )  were u s e d ,  t h a t  i s  

k = 2.468 ( I O 6 )  exp - 106.5/RT s-’ ( 2  1 

w h e r e  t h e  a c t i v a t i o n  e n e r g y  i s  g i v e n  i n  k J / m o l e .  

N u m e r i c a l  i n t e g r a t i o n  o f  t h e  r i g h t  h a n d  s i d e  o f  e q u a t i . o n  ( 1 )  
for hardwood  p a r t i c l e s  i n  a f l u i d i z e d  b e d  r eac to r  a t  5 0 0 ° C  s h o w s  
t h a t  f o r  a l l  p a r t i c l e  s i z e s  less t h a n  2 mm d i a m e t e r  t h e  c r i t e r i o n  
w i l l  b e  s a t i s f i e d .  I t  f o l l o w s  t h a t  f o r  a l l  t h e  d a t a  p r e s e n t e d  
h e r e  f o r  t h e  t w o  reac tors ,  t h e  p a r t i c l e s  were h e a t e d  t h r o u g h o u t  
t o  a t  l e a s t  4 5 0 ° C ,  e v e n  a t  t h e  lowest r e a c t i o n  t e m p e r a t u r e s ,  
b e f o r e  a n y  a p p r e c i a b l e  w e i g h t  l o s s  o c c u r r e d  f r o m  t h e m .  U n d e r  
t h e s e  c o n d i t i o n s ,  t h e n ,  t h e  p r o d u c t  d i s t r i b u t i o n  f r o m  e i t h e r  
reactor f o r  t h e  same g a s  r e s i d e n c e  times c o u l d  b e  e x p e c t e d  t o  h e  
a f u n c t i o n  o f  r e a c t o r  t e m p e r a t u r e  o n l y ,  e v e n  t h o u g h  b i o m a s s  
s o l i d s  were w e l l  m i x e d  i n  one r e a c t o r ,  a n d  i n  p l u g  f l o w  i n  t h e  
o t h e r .  

R e c e n t l y ,  L i d g n  (16) a n d  D i e b o l d  ( 8 )  u s i n g  d i f f e r e n t  r e a c -  
t o r  c o n f i g u r a t i o n s  h a v e  p r e s e n t e d  v e r y  s imilar  k i n e t i c  m o d e l s  f o r  
t h e  s e c o n d a r y  d e c o m p o s i t i o n  o f  p r i m a r y  p y r o l y s i s  t a r s  f r o m  bio- 
mass. The k i n e t i c  s t e p s  f o r  w h i c h  ra te  c o n s t a n t s  were e v a l u a t e d  
a r e  p r o p o s e d  t o  be p a r a l l e l  i n i t i a l  f i r s t  o r d e r  d e c o m p o s i t i o n s ,  
o n e  y i e l d i n g  v o l a t i l e  l i q u i d s ,  w h i l e  t h e  o t h e r  y i e l d s  c h a r  a n d  
g a s ,  w i t h  r e s p e c t i v e  r a t e  c o n s t a n t s  k l  a n d  k,. T h e  r a t i o  o f  
kl/ k 2  i n  b o t h  m o d e l s  was a s s u m e d  t o  be a c o n s t a n t  w i t h  r e s p e c t  t o  
t e m p e r a t u r e  a n d  t o  r e p r e s e n t  a t h e o r e t i c a l  maximum ( u l t i m a t e )  
l i q u i d  ( o r  t a r )  y i e l d .  The  v o l a t i l e  o r g a n i c s  were t h e n  a s s u m e d  
t o  d e c o m p o s e  by a n o t h e r  f i r s t  o r d e r  p r o c e s s  t o  lower molecular  
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w e i g h t  p r o d u c t s ,  b e c a u s e  e x p e r i m e n t a l  r r s u l t s  f o r  s h o r t  t i m e  
p y r o l y s i s  s u g g e s t  t h a r  l i t t l e  s e c o n d a r y  c h a r  is  f o r m e d  i n  t h i s  
s tep.  (see Figure 1 ) .  E x p e r i m e n t a l  r e s u l t s  a l s o  s u g g e s t  t h a t  t h e  
p r i m a r y  d e c o m p o s i t i o n  step is  l a r g e l y  c c m p l e t e d  be fo re  s i g n i f i -  
c a n t  loss o f  t a r  y i e l d  o c c u r s ,  as e v i d e n c e d  by a n e a r l y  minimum 
c h a r  y i e l d  a t  t h e  maximum l i q u i d  y i e l d ,  a s  w e l l  as low g a s  y i e l d s  
a t  t h i s  p o i n t .  As t a r  y i e l d  d e c r e a s e s  d u e  t o  s e c o n d a r y  decompo-  
s i t i o n  r e a c t i o n s .  gas y i e l d  i n c r e a s e s  p r o p o r t i o n a l l y .  I t  b e c o m e s  
p o s s i b l e ,  t h e n ,  t o  n e g l e c t  t h e  r a t e  o f  the  t a r  f o r m i n g  s t e p  a n d  
t o  e x p r e s s  t h e  c h a n g e  of t a r  y i e l d  d u e  t o  s e c o n d a r y  r e a c t i o n s  by 
a s i m p l i f i e d  k i n e t i c  e x p r e s s i o n ,  g i v e n  b y  b o t h  Lide 'n  (16) a n d  
D i e b o l d  ( 8 )  as 

w h e r e  x i s  t h e  f r a c t i o n a l  t a r  y i e l d ,  x o  i s  t h e  t h e o r e t i c a l  
" u l t i m a t e "  t a r  y i e l d ,  k i s  t h e  f i r s t  o r d e r  ' c o n s t a n t  f o r  t h e  t a r  
d e c o m p o s i t i o n  s t e p  a n d  0 i s  t h e  r e a c t i o n  time f o r  t h e  v a p o r  
p h a s e .  T h e  v a l u e s  u s e d  P o r  t h e  r e a c t i o n  parameters f o r  t a r  
d e c o m p o s i t i o n  were 

L i d 6 n  k3 = 3.1 x 10' e x p  ( - 1 0 7 5 0 0 / R T )  s 1  x o  = 0 . 7 0 3  

D i e b o l d  k, = 1.551 x lo5 e x p  ( - 8 7 6 3 4 / R T )  s 1  x = 0 . 7 8  or 0.76 

L i d e n ' s  p a r a m e t e r s  are b a s e d  o n  e x p e r i m e n t a l  d a t a  f r o m  hardwood 
( p o p l a r )  p y r o l y s i s  i n  a f l u i d i z e d  b e d ,  w h i l e  D i e b o l d ' s  v a l u e s  a r e  
o b t a i n e d  from m e a s u r e m e n t s  o f  t h e  a b l a t i v e  p y r o l y s i s  o f  s o f t w o o d  
f o l l o w e d  b y  t h e r m a l  c r a c k i n g  o f  t h e  p y r o l y s i s  v a p o r s .  

E q u a t i o n  ( 3 )  w a s  a p p l i e d  t o  t h e  r e s u l t s  f r o m  t h e  p y r o l y s i s  
o f  A v i c e l  c e l l u l o s e  w i t h  p r e d i c t i o n  as  s h o w n  i n  F i g u r e  9. I n  
a p p l y i n g  e q u a t i o n  ( 3 )  t o  t h e s e  r e s u l t s ,  t h e  u l i m a t e  y i e l d .  x o ,  
was a s s u n e d  t o  be iOOp6, a l t h o u g h  t h e  low t e m p e r a t u r e  r e s u l t s  
s u g g e s t  a v a l u e  s l i g h t l y  less t h a n  t h i s  m i g h t  b e  more a p p r o p r i -  
a t e .  S i m i l a r l y ,  t h e  y i e l d  o f  water was n e g l e c t e d ,  a l t h o u g h  i t  
r a n g e s  f rom 2%-5b.  The  p r e d i c t e d  t a r  y i e l d s  as s h o w n  i n  F i g u r e  9 
are i n  r e m a r k a b l y  g o o d  a g r e e m e n t  w i t h  e x p e r i m e n t ,  c o n s i d e r i n g  t h e  
a s s u m p t i o n s  o f  t h e  m o d e l ,  a n d  t h e  f a c t  t h a t  p a r a m e t e r s  d e r i v e d  
from wood p y r o l y s i s  a re  b e i n g  u s e d  t o  p r e d i c t  y i e l d s  f r o m  t h e  
p y r o l y s i s  o f  a m i c r o c r y s t a l l i n e  c e l l u l o s e .  F u r t h e r ,  n o  e f f o r t  
w a s  made t o  o p t i m i z e  v a l u e s  o f  t h e  p a r a m e t e r s  w i t h  t h e  e x p e r i m e n -  
t a l  d a t a ,  b u t  o n l y  t o  u s e  t h e  v a l u e s  o f  L i d e n  or D i e b o l d .  

I n  s u m m a r y ,  e q u a t i o n  ( 3 )  a p p e a r s  t o  g i v e  a r e a s o n a b l e  des- 
c r i p t i o n  o f  t h e  c o m p l e x  c r a c k i n g  r e a c t i o n s  i n  w h i c h  b i o m a s s  
p y r o l y s i s  t a r s  a r e  c o n v e r t e d  t o  g a s e o u s  p r o d u c t s ,  a t  l e a s t  o v e r  
t h e  t e m p e r a t u r e  r a n g e  o f  a b o u t  50O0-9OO0C, a n d  f o r  s h o r t  v a p o r  
p h a s e  r e a c t i o n  t i m e s .  

T h e  y i e l d s  o f  i n d i v i d u a l  c o m p o n e n t s  shown i n  F i g u r e s  5-8 
s u g g e s t  s t r o n g l y  t h a t  a series o f  s e q u e n t i a l  d e c o m p o s i t i o n  s t e p s  
i s  o c c u r r i n g .  H o w e v e r ,  it i s  n o t  c l e a r  f r o m  these results w h a t  
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the precursor for any particular compound may be, or what system 
of parallel o r  sequential reactions can satisfactorily explain 
the nature of the variation of yield with temperature. More 
extensive analyses of these data are now underway. 
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